The rediscovery and the memory application of single walled carbon nanotubes (SWNTs) give a new method in nanoelectronics applications. At first we will report the memory effects of a SWNT, and attempt to use this property in a memory device. To use a SWNT field effect transistor (FET) as a charge-storage memory device, the device operates by injecting electrons from the nanotube channel of a TubeFET into charge traps on the surface of the SiO 2 gate dielectric, thus shifting the threshold voltage. This memory can be written and erased many times, and has a hold time of hundreds of seconds at room temperature. At second we have attempted to make a Peapod tubeFET. It is the structure that a C 60 was contained within the tube and separated from it by a graphitic Van der Waals gap. I-V property of the Peapod shows semiconducting property.
Introduction
The electrical properties of carbon nanotubes (NTs), a class of macromolecules discovered almost a decade ago, may play a central role in the future nanoelectronics. 1) Their unique structure makes them potentially useful as basic elements for generations of highly integrated circuits. 2) Single-walled carbon nanotubes may be wrapped by a metallic or graphene lattice. To discover the electrical properties of a single walled carbon nanotubes (SWNT), a number of SWNT-based electronic devices have been demonstrated, including single-electron transistors (SETs), field-effect transistors (FETs), 3) and junction devices. 4) While transport in NTs is responsible for the wide variety of electrical properties found so far, 3) it is this structure on the other hand, which makes it very difficult to characterize the intrinsic transport properties of a SWNT. The problem is to perform a noninvasive measurement, which is essential in discovering memory effects associated with device structure.
The memory effects on SWNTs have been studied by several groups. As pointed out by Fuhrer and co-workers, 5) the charging of a SWNT is induced on the SiO 2 surface (bottom layer). It can result in the formation of barriers in the tube, which is ideal for the investigation of a nanomemory device. In addition, Cui and co-workers clearly demonstrated that ambipolar nanotube transistors may be created with exceptionally large transconductance. 6) Their transistors can also function as single molecule memory cells that are stable for days at room temperature.
To apply nanoscale nanotube memory device, it is necessary for us to find other kind of carbonnanotube structure. If it is self-transistor structure, it will be much useful to drawing real nano-world. Smith and co-workers discovered new carbon nanotube structure that encapsulate a C 60 inside the tube, peapod, 7) and his other fellow Hornbaker and co-workers (including B. W. Smith) showed arrays of a C 60 molecules nested inside the single-walled nanotube which represent a class of nanoscale materials having tunable properties.
8) It means peapod is possible material for nano-transistor.
Experimental
The devices were prepared on degenerately-doped silicon substrates capped by 500-1000 nm of thermally grown SiO 2 . We first deposit a catalyst that is prepared by mixing a fused Fe catalyst with ethanol on our substrate. The size range of the fused Fe particles are from 5-65 nm. The substrates coated with the catalyst are loaded into a tube furnace with Ar and H 2 gases flowing through at rates of 600 sccm and 400 sccm. Once the furnace is heated up to 780 C for 10 min, a flow of 2 sccm ethylene is admitted into the quartz tube.
A buckypaper was similarly prepared from the HNO 3 purified stock toluene suspension and cut into small pieces. The pieces were refluxed with mild stirring at 125 C for 2 h in 15 volume % H 2 O 2 at a ratio of 1 mL per 1 mg of the starting material. The refluxed SWNTs were washed repeatedly with water and then sonicated for 20 min in 12.1 N HCl at a ratio of 1 mL/mg. The acidic solution was approximately neutralized with NaOH, and SWNTs were recovered by filtering onto a 1 mm pore membrane. The purified SWNTs were immediately washed from the membrane with ethanol, and were redispersed in toluene by sonicating for 30 min. The filtration onto a PTFE membrane yielded the processed material at weight loss of $1=3. We annealed these materials for 65 hours under a vacuum of 20-40 mpa at temperatures of 750 C. The alignment markers were patterned on the substrate using an electron-beam lithography. SWNTs and Peapods are selected by their apparent height of 2 nm or less in the atomic force microscope (AFM) images and the coordinates of the SWNTs are registered with respect to the alignment markers.
The electron-beam lithography processing establishes Au (45 nm)/Cr (5 nm) electrical contacts to individual SWNTs as shown in Fig. 1 . The devices are measured by AFM to make sure whether they are contacted or not. The measurements of the electrical properties of contacted devices were made by stationary probe.
Result and Discussion
An I-V bias curve of the Fig. 1 . sample shows the resistance that saturates around 1 M. For the major part this resistance is due to the contact resistance between the tube and the electrodes. We thus obtain a controllable semiconductor-tometal transition in a one-dimensional system. The nonlinearity at room temperature and the asymmetric dependence of the conductance on the gate voltage polarity indicate that the nanotube of this sample is semiconducting. 60% of the SWNTs which were fabricated by thermal chemical vapor deposition (CVD) shows semiconducting property, and they showed memory effects, as reflected in reproducible hysteresis in the drain current versus the gate voltage.
Recently this phenomenon, in the case of the bundle SWNT, was reported by Cui and co-workers, and they suggested the memory property that can be applied for electrically-programmable memories. 7) The results present that this phenomenon could form the basis of a tubeFET to be used as a charge-storage memory device. The device was fabricated by the bundle of the SWNTs, therefore the results present the properties of a semiconducting and a metallic SWNTs. To discover the memory property and its mechanism of the SWNT, it is necessary to make the device by the single SWNT. Figure 2 . shows the current-gate voltage (I-V g ) characteristics of a device connected to two Au/Cr electrodes separated by 0.6 mm. The data was acquired at ambient conditions and a bias voltage of V ¼ 10 mV. It indicates two different data sets, one acquired starting at À10 V and the other beginning at a gate voltage of 10 V. The threshold voltages are shifted with respect to each other: 2.5 V for the curve starting at À10 V (''down'' sweep) and 5.5 V for the one starting at þ10 V (''up'' sweep). The devices operate by injecting electrons from the nanotube channel of a tubeFET into charge traps on the surface of the SiO 2 gate dielectric, thus shifting the threshold voltage. These devices are fabricated from CVD-grown semiconducting nanotube, which are annealed in a hydrogen atmosphere during the SWNT growth. It seems to decrease a charge trap density. The direction of the threshold voltage shift relative to the direction of the electric field can be used to determine the net sign of the trapped charges. This is because net negative charges are trapped in the bulk oxide and the majority of the traps are near the electrode/SiO 2 interface.
A readout data of Fig. 3 from the memory device during a writing sequence is well matched with hysteresis loop of Fig. 2 . The device is biased at 10 mV, and the current gate voltage is shown as a function of time. Each data bit is marked as ''1'' (high conductance) or ''0'' (low conductance) state. The two stable states at V G ¼ 0 V can be reproducibly adjusted by triggering the device with the gate voltage of AE10 V. When the device was held at zero-gate voltage, the hysteresis loop was maintained for more than 7 days. The output current is perfectly matched with the input gate voltage signal. It shows the SWNT can be applied as an erasable programmable memory and the SWNT device is a promising structure for a metal-oxide-semiconductor capacitor in a dynamic random access memory (DRAM) cell because it is not necessary to refresh it like the present DRAMs due to its long charge lifetimes in the deep oxide traps. We have checked the memory effect of the SWNT FET. Those results show SWNTs can be applied for the memory device. After Smith and co-worker discovered new carbon nanotube structure that encapsulate the C 60 inside the tube, lots of researchers have concentrated on finding the electric function of fullerenes in the SWNT. Hornbaker and coworkers showed that the local electronic properties of the SWNT can be selectively modified by the encapsulation of the single C 60 molecule.
10 Moreover, they demonstrated that the periodic arrangements of the encapsulated C 60 molecular orbitals and the SWNT band structure, presenting the possibility of designing hybrid structures in which an encapsulated molecule is used to define on-tube electronic devices. What they suggested is that the encapsulation provides additional means of control over the electronic states of the SWNT, which are already at the heart of many proposed approaches to nano-electronics. To measure the electrical property of the individual Peapod, we fabricated the Peapod tubeFET. We thought C 60 s in the SWNT makes the electron sub-bands and they will affect on an electron transportation. Figure 4 (a) shows transmission electron microscope (TEM) image of the Peapod, which is measured at room temperature. It presents that the average diameter of the C 60 is $0:7 nm and the average distance between the C 60 s is $1:6 nm. To check whether the electrode contacts with the Peapod, we scanned the device again by atomic force microscope (AFM) measuring. One single Peapod was connected and the diameter was $1:4 nm. Each individual tube was separated by sonicating method, therefore the length of the tube was too short to contact easily. We should use precise e-beam lithography procedure. The image has been flattened to increase the contrast of the Peapod.
The I-V bias curves of the Peapod FET at room temperature and atmospheric pressure is shown in Fig. 5 . Originally we thought the Peapod FET could show the superconducting property because of the electro band changing at the boundary between the C 60 s and the SWNT wall but the result was similar with that of the normal SWNT. We used some organic solvent and sonicating procedure to separate the bulk peapod. Then it is possible to state that the contact resistivity can be the main factor to decide I-V bias property and diminish the C 60 effects.
Conclusion
We have characterized the integration of an entire memory cell on the individual TubeFET. The device shows the significant shifts in the threshold voltage, changing the device between on and off. This hysteresis is due to the charges trapped within the dielectric layer and each bit is stored in as few as one hundred electrons. It indicates that it should be possible to build-to-build nanotube-based singleelectron memory elements. We also attempt to fabricate the Peapod FET, but the Peapod FET shows similar electric properties with the SWNT, probably because of the contact resistivity. Therefore we can diminish the contact effect by directly growing the Peapod on the SiO 2 surface. Our experiments and new attempt suggest that we are already at the heart of many proposed approaches to the nanoelectronics. 
